Aims Optic nerve hypoplasia (ONH), which is defined as a congenital deficiency of retinal ganglion cells, may also involve more distal layers of the retina. We investigated electrophysiological function of the retina in ONH using electroretinograms (ERGs). Methods ERGs were recorded from 48 subjects (3.5-35 months) with unilateral or bilateral ONH. Pattern reversal (41 checks) was presented under chloral hydrate sedation, using an optical system to correct a cycloplegic refraction. A photopic flash stimulus was also used. Fundus photographs were used to measure the disk diameter/disk macula ratio (DD/DM), and to document other clinical signs. Eyes were classified as moderate (0.15-0.3) or severe (o0.15) ONH, and those with DD/DM greater than 0.3 were used as reference eyes. Results Pattern ERG recording was completed in 89 eyes and was detectable in 80% of eyes with ONH (61/76 tested) and in all 13 reference eyes. Photopic flash ERGs were of good quality in all eyes. The severity of ONH correlates with the amplitude of the photopic flash b-waves and with the amplitude of the N95 component of the pattern ERG (Po0.01). However, the ERGs to large patterns were well preserved (43.5 lV) in 10 of 35 eyes with severe ONH. Tortuous retinal vessels in eyes with either moderate or severe ONH were associated with smaller amplitude photopic b-waves and markedly diminished or undetectable pattern ERGs. Conclusions This study supports the hypothesis that retinal dysfunction distal to the ganglion cells is common in ONH, but is not predictable on the basis of ONH severity alone. Additionally, tortuous retinal vessels in ONH may be a sign associated with retinal dysfunction.
Introduction
Optic nerve hypoplasia (ONH), congenital dysgenesis of the optic nerves, is an important cause of visual dysfunction in childhood. By definition, ONH is a congenital deficiency of retinal ganglion cells and their axons that form the optic nerve. Few histological descriptions of ONH exist, and even fewer with clinicopathological correlation. In general, the only retinal abnormality is deficiency of the retinal ganglion cells and nerve fibre layer. 1 ONH may occur as an isolated unilateral or bilateral condition but it is also frequently associated with other congenital anomalies, often as part of the triad of septo-optic dysplasia, De Moisiers Syndrome (ONH with pituitary hormone deficiencies and midline brain lesions). [2] [3] [4] [5] [6] Although a number of risk factors have been identified, the pathogenesis of ONH remains unclear and is likely multifactorial.
Visual function in ONH varies with the severity of the condition from nearly normal to no light perception. [5] [6] [7] Along the severity continuum, there are some cases with sectoral defects in the optic nerve head, and there is a frequent coincidence of ONH and pallor of these small optic nerve heads. 8 Prognosis for vision can be difficult to establish based on clinical observation. Both neuro-radiological studies and anthropomorphic measurements aid in establishing the diagnosis and prognosis for young infants with ONH. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Visual evoked potential (VEP) testing can give a functional measure of vision early in life. In ONH, the amplitude of VEPs to flash stimulation and the presence of VEPs to pattern stimulation are correlated with visual function. 7, 14, [17] [18] [19] Typically, ONH is characterized by normal full-field electroretinograms (ERGs) and abnormal VEPs. [16] [17] [18] [19] The a-waves of flash ERGs are consistently reported as normal in ONH, but several authors have reported abnormalities in the b-wave. 20, 21 Under photopic conditions, the b-wave is generated by the postreceptoral ON and OFF pathways mediated by the depolarizing and hyperpolarizing bipolar cells of the retina, with no significant contribution from ganglion cells. [22] [23] [24] Thus, abnormalities in the photopic b-wave are evidence for dysfunction distal to the ganglion cells.
The generators of the pattern ERG are proximal to those of the flash ERG, with a major contribution from spiking cells of the inner retina. Pharmacological blockade of the ganglion cells and spiking amacrine cells with TTX in primates eliminates the negative component of the pattern ERG (N95). 23 Generators of the positive component of the pattern ERG (P50) have not been as well localized. They are clearly distinct from those of the N95, as the effect of TTX on P50 is spatially tuned; P50 is largely preserved with large pattern stimuli but it is diminished with a shortened implicit time for small patterns. In clinical disorders causing optic atrophy, and in severe experimentally induced glaucoma in primates, both the P50 and N95 are affected, suggesting that damage is not limited to the spiking neurons of the inner retina. [25] [26] [27] [28] Thus, generation of the N95 requires functional spiking cells. P50 for small patterns involves both spiking cells and more distal generators, whereas for large patterns, it may rely entirely on more distal generators, similar to those of focal ERGs that reflect local luminance. 23, 27 Pattern electroretinography requires good fixation and a clear retinal image. To date, pattern ERGs in ONH have not been reported. In the ongoing CHLA prospective study of prenatal and clinical risk factors of ONH, an examination with chloral hydrate sedation and electrodiagnostic testing are part of the protocol. Fortuitously, nystagmus is suppressed during sedation. We have devised a strategy for recording pattern ERGs in young children with ONH. In the present series, we report flash ERGs and large pattern ERGs to evaluate and distinguish between the function of the inner retinal spiking cells and the more distal retinal layers in ONH.
Materials and methods

Subjects
A sequential series of 48 subjects (20 girls and 28 boys) recruited to the CHLA prospective study of prenatal and clinical risk factors of ONH are reported here. Inclusion criteria are referral before 3 years of age and a small optic nerve in at least one eye defined by a ratio of less than 0.3 between the disk diameter (DD) and the disk macula (DM) distance (DD/DM). 7 Parents gave fully informed consent to participate in the study, which was approved by the hospital ethical committee and conforms to the declaration of Helsinki. A comprehensive protocol of ophthalmology, neuro-radiography, endocrine, and psychometric assessments is carried out annually until 5 years of age. The present report includes electroretinography and ocular biometry collected under sedation at the initial study visit. Normative data collection with a protocol requiring sedation is unethical. Comparisons are made across the range of severity of ONH, including the unaffected eyes of unilateral cases as reference eyes.
The subjects ranged in age from 16 weeks to 37 months of age at the time of ERG testing (median age 14.4 months). Neuro-radiography, including MRI scan data, is available for 31 subjects. Twenty of these subjects (65%) have structural abnormalities in addition to ONH (nine with hypoplasia of the corpus callosum; 11 with absence of the septum pellucidum (including five with both) and five children with other neurological defects). Follow-up data for endocrine function are available for 37 subjects. Nineteen of these children (51%) have hypopituitarism.
Ocular biometry and clinical signs
An experienced paediatric ophthalmologist (MSB) analysed fundus photographs while masked to the identity and clinical status of the subjects. The diameter of the neural tissue of the optic disk (DD) and the distance between the temporal margin of the disk and the centre of the macula (DM) were measured directly from printed photographs (Figure 1 ). DD/DM ratios of 0.3 or greater are associated with normal vision and were classed as reference eyes; those between 0.3 and 0.15 were classed as moderate ONH; and a DD/DM of 0.15 or less was severe ONH. 6 The observer also judged the retinal vessels for tortuosity (ranked within normal limits, tortuous veins only or tortuous veins and arteries) and assessed the presence or absence of double ring sign. Optic nerve colour was classified as normal, temporal pallor, or overall pallor.
ERG methods
Subjects had full mydriasis and cycloplegia with three drops in each eye of a combined solution (1% cyclopentolate and 2.5% phenylepharine). Following this, they were sedated with chloral hydrate (100 mg/kg, orally or by rectal suppository) for electroretinography, fundus examination, and fundus photography. A nurse monitored vital signs until recovery. In all subjects, nystagmus was completely suppressed during sedation.
Conjunctival electrodes (DTL fibre or HK loop electrodes) were inserted and referenced to a silver-silver chloride skin electrode near the ipsilateral outer canthus ( Figure 2) . 29, 30 These two electrode types give very similar pattern ERG data. 31 An indifferent electrode was attached to the earlobe or mastoid. Flash ERGs were amplified 5000 times and pattern ERGs were amplified 20 000 times. The amplifier bandwidth was 1-100 Hz.
Flash stimulation
ERGs were recorded monocularly with a light-excluding black patch covering the opposite eye. The eyelid was held open and non-standard brief flash (1.3 cd s/m 2 ) was delivered to the posterior pole at 2.03 Hz from a large screen monitor (25 Â 32 degrees). Standard full-field ERG stimuli were not available when this cohort was tested. Data from 100 flashes were stored for off-line processing.
Pattern stimulation
Clear optical images for pattern testing were obtained using a correcting optical system. First, the cycloplegic refraction was measured by retinoscopy. A correction incorporating an additional þ 1.5 dioptres to compensate for the distance to the stimulus was placed before the eye. The subject, in supine position, was then placed under a front surface mirror and the corneal reflection of the stimulus was centred in the pupil. The eye was opened manually, interrupted with blinks to maintain corneal hydration. Fixation was monitored throughout testing, and recording was paused whenever adjustments to the position of the head and/or mirror were required to maintain centration in the pupil.
The stimulus was a high contrast (95%) checkerboard array of 48 checks (8 Â 6) reversing 2.03 times per second on a large high-resolution screen (32 Â 24 degrees), positioned 67 cm from the eye. The checks subtended 41 of visual angle, so four check widths would be positioned between the fovea and the optic disk. Raw data for 320 pattern reversals were digitized and stored for off-line processing on a Neuroscan evoked potential system (Neuroscientific, Herondon, PA, USA).
Signal processing
For each subject, the raw data for each electrode consisted of 320 epochs of 200 ms, following each pattern reversal. Noise, blink artifacts, and shifts in the baseline associated with eye movements were retained in the raw data. The signals were then digitally filtered with a band pass of 1-50 Hz. Next, each epoch was adjusted off line to a zero mean baseline (baseline correction routine, Neurosoft Inc.), and then the mean slope by linear regression was also adjusted to zero (linear detrend, Figure 1 Optic nerve hypoplasia was quantified using the disk diameter (DD) to disk macula (DM) ratio as shown above for a fellow eye with a DD/DM of 0.35. Neurosoft Inc.). Following this processing, epochs still containing artefacts greater than 780mV were rejected. Two separate averaged pattern ERGs were then produced using half of the retained epochs for each average so that reproducibility could be evaluated. The intraclass correlation statistic (Neurosoft Inc.) was used to objectively measure the related variability of the two pattern ERG averages. This statistic ranges from 0 for dissimilar signals to 1 for identical signals. The authors also rated quality subjectively as excellent, good, fair, or poor by observation of the superimposed averages, while masked to the clinical status of the subject. Amplitudes and peak times for the P50 and N95 were recorded from the grand average.
Results
Subjects
Twelve cases were classified as unilateral ONH, as the DD/DM was greater than 0.3 in the better eye. Of the 36 bilateral cases, 32 were symmetrical (89%) with less than a 30% difference between DD/DM of the right and left eyes. Spontaneous nystagmus was present in 90% of the bilateral cases, and 45% of the cases were classified as unilateral.
Eyes were classified as follows: 13 reference eyes (DD/ DM40.3 including one borderline case with DD/DM of 0.31 and 0.34 for the right and left eyes, respectively), 46 eyes with moderate ONH (0.15oDD/DMo0.30), 35 eyes with severe ONH (DD/DMr0.15), and one severely microphthalmic eye that was excluded from the quantitative analysis. Tortuous retinal veins were apparent in 34 eyes with ONH (41.4%) and in none of the reference eyes. Tortuosity of arteries and veins was observed in 18 eyes (Table 1) . Tortuous retinal vessels (ranked none, veins only, or all vessels) are more prevalent in those with more severe ONH (Kendall's rank correlation, t ¼ 0.33, P ¼ 0.001). Endocrine dysfunction is also more prevalent in subjects with tortuous retinal vessels (w 2 ¼ 4.7, P ¼ 0.03). Of the 37 subjects with known endocrine outcomes, 13/20 (71%) of those treated or monitored for hypopituatrism have tortuous vessels in at least one eye, whereas only 5/17 (28%) with normal vascular appearance in both eyes have clinically significant endocrine dysfunction.
Pallor of the temporal optic nerve head was evident in 32 eyes, including one fellow eye of a unilateral case. An additional 20 eyes with ONH showed pallor of the entire disk, demonstrating the frequent concurrence of optic atrophy and ONH 8 ( Table 1) . The prevalence and extent of optic nerve pallor increased with the severity of ONH (t ¼ 0.24, Po0.001). Double ring sign was evident in 78 eyes (82%) including five of the 13 eyes classified as reference eyes (Table 1) . The association between double ring sign and the severity of ONH is also significant (t ¼ 0.33, Po0.001).
There were no differences in the severity of ONH or the presence of the above clinical signs based on the age of the subjects. All eyes had a clinically normal maculae except one eye with severe ONH and mild foveal hypoplasia. The same eye had irregular disk margins, and an additional eye with moderate ONH had mylention in the nerve fibre layer. The DD/DM ratio was estimated in these two cases.
Flash ERGs
Non-standard photopic flash ERGs with clearly reproduced a-and b-waves were recorded in all eyes, except the microphthalmic eye that was not tested (Figure 3) . The a-wave showed no association with the severity of ONH. However, b-wave amplitude was significantly smaller in eyes with more severe ONH based on the DD/DM ratio (r 2 ¼ 0.08, Po0.01). Figure 4 demonstrates this association with the group mean amplitudes, although the association is not apparent in individual examples, as the b-wave is variable with considerable overlap between ONH groups. The ratio of the b-wave/a-wave amplitudes also varies with the severity of ONH: mean a:b ratios were 2.0, 1.8, and 1.6 for eyes classified as fellow, moderate, and severe ONH, respectively (t ¼ 0.14, P ¼ 0.01). Neither the photopic b-wave amplitude nor the a:b ratio was significantly associated with the presence of vessel tortuosity, endocrine dysfunction, or neuro-radiographical abnormalities, or with the age of the subject. There were no eyes with severely diminished b-waves (negative ERGs) or with very large b-waves using this single stimulus.
Large pattern ERGs
Pattern ERGs were completed and technically acceptable in 89/96 eyes. The eyes excluded were one microphthalmic eye, four eyes not tested when a child awoke from sedation (two eyes in one case of moderate bilateral ONH, one eye from a severe bilateral case, and one eye from a moderate bilateral case), and two further eyes with high noise levels (one eye from two separate cases of moderate bilateral ONH). Mean values for the intraclass statistic (indicating the reproducibility) were 0.71, 0.51, and 0.44 for pattern ERGs rated as good, fair, and undetectable, respectively. This intraclass measure of reproducibility shows a strong association with the subjective quality rating (ANOVA, Po0.001). Although this statistic could be useful to quantify reproduction of the pattern ERGs, we found the subjective rating more reliable, as the intraclass value can be artificially high or low when artefact or noise is present in one or both of the pattern ERG averages.
Overall, 65 of the 89 eyes tested had clearly detectable and reproducable pattern ERGs (rated good or fair quality). Thirty-one eyes had P50 to N95 amplitudes greater than 3.5 mV, 34 eyes had clearly detectable pattern ERGs of smaller amplitude, and 24 eyes had undetectable pattern ERGs ( Figure 5 ). All 13 reference eyes had detectable pattern ERGs to large checks (Table 1 ). In eyes with ONH, pattern ERGs were detectable in 76 and 60% of eyes with moderate and severe ONH, respectively. Thus, undetectable pattern ERGs were more prevalent in eyes with more severe ONH (t ¼ À0.24, Po0.001 for PERG detected vs DD/DM). The amplitude from P50 to N95 was significantly correlated with the DD/DM ratio (Spearman's r ¼ 0.26, Po0.02) (Figure 6 ). The trends for P50 amplitude and for the implicit times of both components did not reach significance. Within each ONH severity category, all aspects of these pattern ERGs were invariant with age.
In this population of children with ONH, the prevalence of small or absent pattern ERGs in either eye did not differ between those with and without endocrine dysfunction, or between those with and without other neurological dysfunction (t-tests P40.4). Vascular tortuosity was, however, strongly associated with small or absent pattern ERGs (t ¼ 0.25, Po0.001 for tortuosity ranked all vessels, veins only, or none vs P50-N95 amplitude). Only one of 15 eyes with tortuosity of both Indicates significant associations with severity based on DD/DM ratio. c Implicit times from stimulus to peak are given for the mean7SD for detectable ERGs. d Amplitude median and range for all subjects. One severe eye and five moderate eyes are excluded on technical grounds (see Results).
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veins and arteries had a large-amplitude pattern ERG (43.5 mV), whereas large amplitudes were recordable in 44% of eyes with clinically normal vessels ( Table 2) .
Discussion
The present series of 48 infants show the expected spectrum of ONH severity and of associated conditions, including endocrine dysfunction and neural malformations. 4, 5, [32] [33] [34] Although reports of ERGs in ONH are few, they agree that flash ERGs are normal in the majority of cases. [17] [18] [19] [20] [21] 34, 35 However, normal ERGs are not universal and a variety of ERG abnormalities have been reported in ONH. Subnormal b-wave amplitude is reported in up to one-third of eyes and, in a few cases, ONH has been associated with absent scotopic b-waves, suggesting retinal dysfunction similar to that in congenital stationary night blindness. 20, 21 Severe ERG abnormalities have been reported occasionally in eyes with microphthalmos, colobomata, or other defects. 20, 21, 32 In contrast, a few cases of ONH with supranormal b-wave amplitudes have been reported for the scotopic ERG 19 or the photopic ERG. 35 These could be explained by selective dysfunction involving the depolarizing bipolar cells, or by disinhibition of retinal function in the absence of ganglion cell-mediated feedback. 17, 19, 36 The photopic flash ERG recorded in the present series was a non-standard, which limits interpretation to comparisons within the subject group. 37 The posterior pole was illuminated evenly by the flashing screen, but the remaining retina was illuminated unevenly with scattered light. The stimulus was below the luminance level for the standard photopic ERG, which is already well below the saturation level for the a-wave. For the photopic b-wave, the luminance response function, or photopic hill, is complex owing to interactions between the hyperpolarizing and depolarizing bipolar cells of the retina. 24 In healthy eyes, the flash used in the present study would elicit b-wave amplitudes in the rising phase of this function, where both depolarizing and hyperpolarizing bipolar cells add to the b-wave amplitude. Thus, the association of smaller b-waves with more severe ONH supports the contention that one or both populations of bipolar cells may be involved, but does not isolate specific deficits. Our ongoing studies of the luminance-response function of the full-field photopic ERG will investigate the photopic b-wave more thoroughly.
In alert healthy infants, pattern ERGs can be recorded using a skin electrode on the lower eyelid. 38, 39 However, cooperation and good fixation during many stimulus presentations is required so the clinical utility of this strategy is limited. 17 Pattern ERG recording without sedation would be unreliable or impossible in subjects with visual impairment and nystagmus. The present study demonstrates a strategy for recording pattern ERGs under sedation in infants and young children with an appropriate optical system. As the procedure requires sedation, we have relied on reference eyes (those with DD/DM ratios within the range associated with normal vision) for comparisons. Clearly, these eyes are not a normal control group; some eyes show definite signs associated with mild ONH. However, the fact that ERGs to large checks were recorded in all 13 of the reference eyes in this series supports the validity of the technique. Technical difficulties, for example, inaccurate refraction or a poorly centred stimulus, could contribute to diminished amplitudes, but poor technique would not completely extinguish ERGs to these large checks. 40 We contend that those infants with ONH and undetectable pattern ERGs have severe dysfunction of both the ganglion cells and of the more distal retinal cells.
Overall, the present study demonstrates that the congenital deficiency of ganglion cells in ONH produces the expected effects on the ERG to large checks. Specifically, the N95 is more affected than the P50 and the abnormalities are associated with the severity of the ONH. Pharmacological blockade of ganglion cells and spiking amacrine cells of the inner retina abolished most of the N95 and produced an earlier, diminished P50, indicating a more distal contribution to the P50. 24 Similarly, when ganglion cell death is associated with optic atrophy, the N95 is severely diminished and the P50 is moderately diminished and earlier. [26] [27] [28] [41] [42] [43] The optimal check size for recording pattern ERGs in adults is between 0.75 and 1.01, and the available data suggest that larger checks would be optimal for infants. 38 For large field sizes, there is very little attenuation of either P50 or N95 amplitude for large check stimuli, 28, 44, 45 Figure 6 Mean values are shown for the pattern ERG P50 and N95 amplitudes for severe ONH, moderate ONH, and for fellow eyes based on the DD/DM classification (r0.15, r0.3, and Z0.3, respectively). Both P50 and N95 amplitude are significantly associated with the DD/DM category (Po0.05 and Po0.02, respectively). Bars indicate standard errors. but there is an increasing proportion of the response, which can be accounted for by local luminance modulation akin to the focal ERG. 46 For the present 41 checks, a pattern-specific component is expected but this will derive primarily from stimulation of the outer part of our stimulus field, between 12 and 251 from the fovea. 46 Although that diminished or extinguished pattern ERGs are common in ONH, within this cohort there is substantial heterogeneity. In clinically similar cases of ONH, the ERG to large checks ranges from a completely undetectable response to a large-amplitude signal with well-preserved P50 and N95 components. Such heterogeneity suggests that there may be substantial variations in the cellular deficits associated with ONH and, quite likely, different aetiological processes.
There are many possible processes that could cause ganglion cell deficiency. ONH could arise from some initial failure of sufficient cellular differentiation. However, the pathfinding processes for ganglion cells in the retina, optic nerve head and optic chiasm and formation of the retinotopic connections in the brainstem is complex. [47] [48] [49] Deficiency in any one of these processes could lead to failure of accurate functional connections and excessive apoptosis in the ganglion cell layer. The relationships between the quantity and function of ganglion cells and the development of the more distal retinal cells are poorly understood. Differences in the timing of the ganglion cell loss could, however, be associated with the functional differences we observe among clinically similar cases of ONH. It is interesting that the present study shows no association between the b-wave and the P50 amplitudes in the same eyes.
The presence of tortuous vessels has led to the theory that the primary lesion in ONH may be vascular. 50, 51 In the present study, we report a clear association between vascular tortuosity and retinal dyfunction, as indicated by absent pattern ERGs. This supports a link between vascular morphology and retinal dysfunction in a subset of our cases. Two hypotheses regarding the mechanism for retinal dysfunction in ONH remain viable: retinal dysgenesis may be a primary lesion leading to failure of ganglion cell development, or a primary deficit of ganglion cell development may be associated with retrograde retinal degeneration.
The present series has demonstrated associations between ONH and retinal electrophysiology. Specifically, normal photopic a-waves are evidence that the photoreceptor layer is functional in all of our cases. The mixed results for tests of inner nuclear layer and ganglion cell layer functions suggest that retinal dysfunction is a variable feature of ONH. The strong association between pattern ERG abnormality and tortuous retinal vessels suggests that this vascular sign may be an indicator of retinal dysfunction distal to the ganglion cells.
